Pressure exchange wave rotors, used in a topping stage, are currently being considered as a possible means of increasing the specific power, and reducing the specific fuel consumption of gas turbine engines. Despite this interest, there is very little information on the performance of a wave rotor operating on the cycle (i.e. set of waves) appropriate for use in a topping stage. One such cycle, which has the advantage of being relatively easy to incorporate into an engine, is the four-port cycle. Consequently, an experiment to measure the performance of a four-port wave rotor for temperature ratios relevant to application as a topping cycle for a gas turbine engine has been designed and built at NASA Lewis. The design of the wave rotor is described, together with the constraints on the experiment.
Introduction
At NASA Lewis, wave rotors are being investigated for use in a topping stage for gas turbine engines in order to increase performance while maintaining temperatures in rotating components at levels used in current technology.
The primary application considered is aircraft propulsion or auxiliary power. Calculations have shown that increases ment 4 has demonstrated that large improvements in efficiency and power are possible for that application. In the configuration used by Zauner et al.,4 the power generated by the topping stage was extracted by an additional power turbine, with its own shaft. Thus the power unit with a wave rotor topping stage is more complex than a power unit without the topping stage.
For aircraft engines, a simpler, and therefore preferable, configuration would be to have the extra power appear as increased pressure at the entrance to the turbine.
This arrangement is illustrated in Fig. 1 , and uses a fourport cycle. Figure 1 (a) is a schematic diagram of an aircraft gas turbine engine. In Fig. l(b) , this same engine has been modified by adding a wave rotor. Air from the engine compressor enters the wave rotor at station 1, and is further compressed inside the wave rotor. The compressed air leaves the wave rotor at station 2, and passes to the burner.
Combustion therefore takes place at a higher pressure than in the engine without the wave rotor. From the burner, the gas re-enters the wave rotor at station 3, expands, and leaves the wave rotor at station 4, passing to the engine turbine. This gas is now at higher pressure than the gas entering the turbine in the engine without a wave rotor, even though the temperature is the same. Thus more work can be extracted from the gas in the engine with a wave rotor. Admittedly, a new turbine will be necessary to handle the increased pressure ratio, but the engine con- 
Design of the Experiment

Physical Parameters
If a wave rotor is to be installed in an engine as shown in Fig. 1 , the temperature ratio across the wave rotor is fixed by the engine temperatures, i.e., the temperature entering the wave rotor is the compressor exit temperature, and the temperature leaving the wave rotor will be the turbine inlet temperature. Values of the compressor exit temperature, the turbine inlet temperature, and their ratio are given in Table I for several engines.
As will be seen, the design ratio of the turbine inlet temperature to the compressor exit temperature is between 1.7 and 2.3. This then is the minimum range of temperature ratios to cover in the experiment. Lower values are also needed for off-design performance.
The maximum temperature in the cycle (at the exit from the heat source) will scale with the inlet temperature, and the heating power required will scale with the mass flow and the difference between the inlet and exit temperatures. For a fixed mass flow, as the inlet temperature is raised, the maximum cycle temperature, and the required heater power also increase. The wave rotor performance depends on temperature ratio, not absolute temperature, and so a low inlet temperature can be used to avoid high maximum temperatures, and high heater powers. Three schemes to achieve this are shown in Table II Consequently, scheme B was selected. Although a burner would have provided a more compact and realistic source of heat, no suitable burner was available, and so the electric heater was chosen. Use of a heater rather than a burner has an advantage and a disadvantage. The advantage is that it corresponds to the currently available codes, which are limited to a single value of the ratio of specific heats. This is simultaneously its disadvantage, in that a burner would produce a gas with a ratio of specific heats more appropriate to that produced in an engine, and therefore more true to fife.
Rotor Optimization
Originally, the intention was to use the rotor from a prior experiment. 8 However, calculations using a onedimensional wave rotor CFD code 9 showed that the output pressure would be quite low. This is due to the small passage height of the previous rotor, which leads to both large frictional and large leakage losses. Consequently, it was decided to build a new rotor, and to try to optimize the output pressure. The optimization procedure has been described previously, 1 and will not be repeated here. The rotor was optimized for a ratio of T4/T1 of 2.0, at a mass flow of 1.5 lb/sec. The resulting rotor dimensions are:
rotor average diameter; 6.7 in., rotor length; 10.5 in., passage height; 1.3 in., and passage width; 0.65 in. A photograph of the rotor is given in Fig. 2 . The rotor was constructed from titanium, and the passages were first drilled, then electric-discharge machined to final shape.
The rotor is turned by a variable speed electric motor governed by a constant speed controller to allow selection of any desired speed.
Port Timing
The cycle of a wave rotor is conveniently described in a wave diagram, 1°which is a plot of the trajectories of the The leading edges of the inlet ports (ports 1 and 3) were rounded to minimize opening losses. 11
The ducts bringing the air on or off the rotor were set at the correct angle for the flow to enter or leave the rotor aligned with the axis in the rotor reference frame. They were shaped to give a gradual transition from a circular cross-section at the end furthest from the rotor to the appropriate section of an annulus at the rotor face. Figure 4 is a photograph of a duct.
Instrumentation Figure 5 is a schematic view of the experiment. A diagnostic spool is installed at the outer end of each duct, with three static pressure taps, plus a rake with five total pressure probes (each at a different radial location) and two thermocouples. From these pressure and temperature measurements, the radial velocity distribution can be found, and hence an average total pressure, at each duct.
Similar spools were installed at the entrance to, and exit from, the heater. Tube-type combination pressure probes 12 are used in the inlet port to measure flow direction, and, in conjunction with wall static taps, velocity. In the other ports, rakes with five pitot probes, together with wall static pressure taps, are used to give radial velocity distributions.
Five such rakes are used in the exit port. The resulting circumferential and radial velocity distributions are used in a mixing calculation 13 to give the exit average total pressure P4. In addition, thermocouples are used to give temperatures at different circumferential locations. In the exit leg, a temperature spool, with nine thermocouples, each sampling an equal section of the spool area, with the resulting signals electronically averaged, is used to give the exit temperature T4.
Dynamic pressure transducers are mounted on the rotor, with the signals taken out through a slip ring, to give pressure histories at each end of a passage as it goes through a cycle. Thermocouples are also mounted on each end of the rotor to give the rotor temperature, and the signals also taken out through the slip ring. It is also affected by the rotor speed, and the expansion ratio, which is the ratio of static pressure in the outlet port 4
to the pressure in a passage immediately before it opens to port 4. The expansion ratio controls the mass flow rate through the machine. In running the experiment, a value of T4/T1 will be set, and maintained, and sets of measurements made in which the expansion ratio is varied, at various values of the rotor speed. This will give data from which the optimum P4/P1 versus T4/T1 for this rotor can be obtained. In addition, the predictions are based on a value of pressure loss in the heater loop. The experiment is provided with a position where an orifice can be inserted to vary this pressure loss, so that the sensitivity to this pressure drop can be determined, and compared with code predictions. The experiment is scheduled to commence in the summer of 1997. 
Conclusions
